Paradoxical kinesia refers to a sudden transient ability of akinetic patients to perform motor tasks they are otherwise unable to perform. The mechanisms underlying this phenomenon are unknown due a paucity of valid animal models that faithfully reproduce paradoxical kinesia. Here, in a first experiment, we present a new method to study paradoxical kinesia by "awakening" cataleptic rats through presenting appetitive 50-kHz ultrasonic vocalizations (USV), which are typical for social situations with positive valence, like juvenile play or sexual encounters ("rat laughter"). Rats received systemic haloperidol to induce catalepsy, which was assessed by means of the bar test. During that test, 50-kHz USV, time-and amplitude-matched white noise (NOISE), or background noise (BACKGROUND) were played back and compared to SILENCE. Every animal was exposed to all four acoustic stimuli in random order, with four independent groups of rats being tested. Only when exposed to playback of appetitive 50-kHz USV, the otherwise akinetic rats rapidly started to move efficiently. The acoustic control stimuli, in contrast, did not release rats from catalepsy, despite eliciting the auditory pinna reflex and head movements towards the sound source. Moreover, in a second experiment, playback of aversive 22-kHz USV and relevant acoustic control stimuli did also not significantly affect catalepsy time. Together, our animal model provides a completely new approach to study mechanisms of paradoxical kinesia, which might help to improve behavioral therapies for Parkinson's disease and other disorders, where akinetic or cataleptic states occur.
Introduction
Bradykinesia (slowness of movement) and akinesia (loss of movement) is a state commonly characterized by inability or incapability to initiate a particular movement and a tendency to maintain an immobile posture, i.e. where the limbs remain in externally imposed positions [1] . Such states can occur in response to drug toxicity, high-dosed neuroleptics, such as haloperidol, or in neurological diseases, especially progressive lacunar cerebro-sclerosis, post-encephalitis and Parkinson's disease (PD) [2] . The latter is a neurodegenerative disease of the basal ganglia, especially its transmitter dopamine (DA), where bradykinesia and akinesia provide important clinical features. Interestingly, bradyand akinesia are dependent on the patient's emotional state [3] . For example, immobile patients excited by certain external stimuli may be able to make quick movements, such as catching a ball or running.
There are several reports of this phenomenon called paradoxical kinesia, a term coined by Souques in 1921 [4] to describe "a sudden and brief period of mobility typically seen in response to emotional or physical stress" in patients with advanced PD. However, paradoxical kinesia is not restricted to stressful or even life-threatening events, since non-aversive visual and acoustic stimuli have also been shown to be effective. In fact, Oliver Sacks [5] was probably the first to note that familiar music can induce paradoxical kinesia, i.e. "temporary awakenings", in patients with severe akinesia. Since then, many clinical studies have shown that music or cueing sounds can be therapeutically valuable for PD patients to treat freezing of gait and akinesia [6, 7] .
The intriguing phenomenon of paradoxical kinesia has long been puzzling scientists, both in neurological and motor control research, with the neuronal mechanism still being a subject of debate. It is possible, for example, that PD patients have intact motor programs but have difficulty accessing them without external sensory stimulation [3, 8] and paradoxical kinesia might work to improve motion by activation of basal ganglia reserves or via alternative pathways like cerebellar circuits to somehow improve motion [9] . Although these theories look convincing, their investigation is limited since paradoxical kinesia induced by life-threatening events, for example, cannot be investigated systematically in humans due to ethical constraints. In rats, catalepsy induced by systemic administration of haloperidol, which mainly acts by blocking DA D2 receptors [10, 11] , models the bradykinesia and lack of spontaneous motor activity that is common in some PD patients. However, the paucity of valid animal models to study paradoxical kinesia is impeding the discovery of the neural mechanism underlying paradoxical movements. Recently, we proposed that deep brain stimulation of the inferior colliculus (IC), a midbrain auditory structure, can provide an animal model to study paradoxical kinesia, in that case induced by aversive stimulation [12] .
Considering that paradoxical kinesia can be observed not only after aversive but also appetitive stimulation, our present goal was to establish a completely new method for evaluating paradoxical kinesia after appetitive or aversive auditory stimulation in rats. Here, we assessed whether the presentation of an emotionally and motivationally relevant appetitive or aversive auditory stimulus may release rats from haloperidol-induced catalepsy, as measured by means of the bar test [13] . In a first experiment, we selected 50-kHz calls, i.e. rat ultrasonic vocalizations (USV), which are typical for social situations with positive valence, like juvenile play or sexual encounters [14, 15] , for auditory stimulation. These USV are thought to reflect a positive emotional state of the sender ("rat laughter") [16] and, in line with a pro-social communicative function, are known to induce behavioral activation and approach in the recipient [17] . Both effects are closely related to dopamine function in the nucleus accumbens [18, 19] . In a second experiment, 22-kHz USV were selected for auditory stimulation, which are known as "alarm cries" [20] usually emitted in aversive situations, such as social defeat, predatory exposure, or fear conditioning [21, 22] .
Materials and methods

Animals
Male Wistar rats N = 68 (Charles River Deutschland), weighing between 200 and 250 g, were housed in polycarbonate cages (size: 380 × 200 × 590 mm) in groups of N = 4. Animals had ad libitum access to chow and water in a 12:12 dark/light cycle (lights on 07:00-19:00 h) and were allowed 10 days of acclimatization before testing. Then, each animal was handled on three consecutive days (5 min each day) and on the last day, it was brought to the testing room where it was habituated for 3 min to the observation arena. All experimental procedures were approved by the ethical committee of the local government (Regierungspräsidium Gießen, Germany, TVA Nr: 124-2014).
Experimental setup
An observation arena (100 cm 2 ), elevated 50 cm above the floor and containing 4 orifices with small home cages containing fresh bedding material beneath them, was used for testing. Cameras (Panasonic WV-BP330/GE, Hamburg, Germany) were placed above (∼150 cm) and in front (∼40 cm) of the arena. Acoustic stimuli were presented through an ultrasonic loudspeaker (ScanSpeak, Avisoft Bioacoustics, Berlin, Germany), using an external sound card with a sampling rate of 192 kHz (Fire Wire Audio Capture FA-101, Edirol, London, UK) and a portable ultrasonic power amplifier having a frequency range of 1-125 kHz (Avisoft Bioacoustics). The loudspeaker, which has a frequency range of 1-120 kHz with a relatively flat frequency response ( ± 12 dB) between 15 and 80 kHz, was placed 20 cm away from the observation arena. An additional, but inactive ultrasonic loudspeaker was arranged symmetrically at the opposite side as visual control.
Playback of acoustic stimuli was monitored by an UltraSoundGate Condenser Microphone (CM16; Avisoft Bioacoustics) placed next to the speaker.
Catalepsy test
Catalepsy was induced by injecting haloperidol (0.5 mg/kg) intraperitoneally (IP) 60 min before placing the rat onto the observation arena. Rats were individually brought from their home cage to the testing room 15 min before haloperidol injection and placed into a single cage containing bedding material. The subsequent bar test [13] consisted of gently placing the rat with its forepaws on a horizontal bar positioned 8 cm above the floor of the arena. The time until it stepped down with both forepaws was measured (maximum 300s). Acoustic stimuli were presented for 270 s (total test duration: 30s + 270s = 300s), followed by an inter-stimulus interval of 300s. Rats were tested in a room with no experimenter or other rats present. Stimulus application and animal observation were performed between 8 and 18 h under dim red light (∼10 lx). Before each test, behavioral equipment was cleaned (0.1% acetic acid solution) and dried. To test the effects of 50-kHz USV in cataleptic animals (N = 48), the bar test was performed during which a given rat was exposed to different playback presentations of (i) 50-kHz USV, (ii) time-and amplitude-matched white noise (NOISE), (iii) background noise (BACKGROUND) and (iv) SILENCE (for experimental setup and exemplary spectrograms, see Fig. 1a -d). Every animal was exposed to all four acoustic stimuli in random order, at 60, 70, 80 and 90 min after injection of haloperidol, resulting in four independent groups i.e. in N = 12 rats, the first acoustic stimulus was 50-kHz USV, NOISE, BA-CKGROUND or SILENCE, respectively. Playback was started after the rat remained for at least 30 s in catalepsy, i.e. with its forepaws on the horizontal bar; N = 5 rats were excluded from analysis because they did not fulfill this criterion.
Experiment 2: effects of 22-kHz USV on haloperidol-induced catalepsy
To test the effects of 22-kHz USV in cataleptic animals (N = 20), the bar test was performed during which a given rat was exposed to different playback presentations of (i) 22-kHz USV, (ii) phase-scrambled and frequency-shifted 22-kHz USV (22-kHz USV CONTROL) and (iii) SILENCE. Since it is assumed that the motivational impact of 22-kHz USV may depend on experience, namely to perceive them as aversive [22, 23] , half of the rats underwent an autoconditioning procedure (adapted from Parsana et al., see [24] ), before the playback test.
To this aim, rats were divided into two groups (autoconditioned and non-autoconditioned), which were otherwise treated and housed under the same conditions as described above. Rats were autoconditioned using a footshock procedure starting three days before being exposed to playback of 22-kHz USV. This procedure consisted of placing a rat in a footshock chamber (dimensions of 33.5 cm wide × 35 cm deep × 38 cm high) with a stainless-steel grid for five minutes (day 1). On that day, no footshocks were applied. The next day (day 2), the rat was again placed into the chamber, being exposed to a 180 s baseline period followed by unsignaled footschocks (three to five shocks were delivered; 0.8 mA, 0.5s) with an inter-trial interval of 180 ± 21s. In case, rats emitted 22-kHz USV before or soon after the third shock no more footshocks were delivered. The other group underwent the same procedure except that footshocks were not applied. All the rats remained a total of 18 min inside the chamber. The hypothesis predicts that the behavioral responsiveness to 22-kHz USV playback is related to emitting 22-kHz USV during the aversive experience, in our case nine out ten animals vocalized throughout the autoconditioning. On the following day (day 3), rats were kept in their home cages and no experiment was performed. On the day thereafter, rats were taken to the catalepsy test where they were exposed to playback (adapted from Parsana et al., see [24] ). There, a given rat was exposed to different playback presentations of (i) 22-kHz USV, (ii) 22-kHz USV CONTROL and (iii) SILENCE. Every animal was exposed to all three acoustic stimuli in random order, at 60, 70 and 80 min after injection of haloperidol. Playback was started after the rat had remained for at least 30 s in catalepsy, i.e. with its forepaws on the horizontal bar.
Acoustic stimuli
Rats in the first experiment were exposed to playback of (i) 50-kHz USV, (ii) time-and amplitude-matched white noise (NOISE), and (iii) background noise (BACKGROUND), but also (iv) SILENCE. NOISE and BACKGROUND were presented to control for unspecific effects not linked to the socio-affective communicative function of 50-kHz USV. In the second experiment rats were exposed to playback of (i) 22-kHz USV, (ii) phase-scrambled and frequency-shifted 22-kHz USV (22-kHz USV CONTROL) and (iii) SILENCE. All stimuli were presented with a sampling rate of 192 kHz in 16 bit format at ∼69 dB (measured from a distance of 40 cm), with the exception of BACKGROUND, which was presented at ∼50 dB, i.e. corresponding to the intensity of background noise present in the other acoustic stimuli.
A 50-kHz USV: The 50-kHz USV had been recorded from an adult male Wistar rat during exploration of a cage containing scents from a cage mate after being separated from it (for setting and recording, see 19) . The acoustic stimulus material was composed of a sequence lasting 3.5s, which was presented in a loop. Each sequence contains 13 50-kHz calls (total calling time: 0.90s), with 10 of them being frequency-modulated and 3 flat. B NOISE: The artificial time-and amplitude-matched white noise was generated with SASLab Pro (Version 4.2, Avisoft Bioacoustics). Specifically, each given 50-kHz USV in the original natural 50-kHz USV stimulus material was replaced by white noise with durations and amplitude modulations identical to those of the original 50-kHz USV. Thus, the stimulus series had the same temporal patterning and was identical to the original natural 50-kHz USV series with respect to all call features, apart from the fact that sound energy was not confined to a certain frequency as in case of the natural 50-kHz USV. C BACKGROUND: Since the 50-kHz USV stimulus contained background noise, i.e. noises, which occur when a rat is exploring an arena with bedding, background noise without 50-kHz USV was presented. D 22-kHz USV: The 22-kHz USV were recorded from a male Wistar rat which had received electric footshocks before, but not during recording (for setting and recording, see 19) . The acoustic stimulus contained 29 22-kHz USV per min. Average acoustic call parameters were as follows (mean ± SEM): call duration: 1.18 ± 0.06s; peak frequency: 23.61 ± 0.07 kHz; frequency modulation: 1.90 ± 0.09 kHz. To control for background noise present in the original natural 50-kHz USV stimulus, background noise was added to 22-kHz USV stimulus. E 22-kHz USV CONTROL: The phase-scrambled and frequency-shifted 22-kHz USV control was generated with SASLab Pro (Version 4.2, Avisoft Bioacoustics). Specifically, each given 22-kHz USV in the original natural 22-kHz USV stimulus material was first phase- scrambled, i.e. the phase of the original signal was replaced by a random phase. The resulting signal exhibiting the original average power spectrum, but its waveform being a random noise signal, was then shifted up in frequency by 25 kHz. F SILENCE: Rats were not exposed to any acoustic stimulus during this block of testing, i.e. they were submitted to the catalepsy test only.
Behavioral analysis
In order to verify that all acoustic stimuli were audible to the rats, in addition to catalepsy time, we assessed two behaviors while the rat remained with its forepaws on the bar during playback: (i) pinna reflex, a rapid and intermittent pinna movement, used to study the integrity of the lower auditory pathway [25] ;and (ii) immediate head movement toward the sound source. The number of rats displaying these behaviors was counted. In cases where the animals stepped down from the bar and started to explore the arena, we quantified this behavior by dividing the arena into a proximal and a distal zone, i.e. one close to and the other opposite from the sound source, respectively, and each zone (24% of the arena) was further divided into 6 quadrants (see Fig. 2e) . Exploratory behavior was then assessed by counting quadrant crossings, defined as when the rat crossed a quadrant with its four paws.
Statistical analysis
In the first experiment, catalepsy time was analyzed using ANOVAs, followed by Student-Newman-Keuls post-hoc test when appropriate. Groups were compared at minutes 60-65 (1st playback), 70-75 (2nd playback), 80-85 (3rd playback), and 90-95 (4th playback) after haloperidol injection. In addition, a paired-sample t-test (2-tailed) was used to compare exploratory behavior between the proximal and distal zone. In the second experiment, catalepsy time was again analyzed using ANOVAs. Groups were compared at minutes 60-65 (1st playback), 70-75 (2nd playback) and 80-85 (3rd playback) after haloperidol injection. In both experiments, Chi 2 tests were used to analyze the occurrence of pinna reflex and immediate head movement. Statistical analyses were performed using IBM SPSS software Statistics 22. A pvalue of < 0.05 was considered statistically significant.
Results
Experiment 1: effects of 50-kHz USV on haloperidol-induced catalepsy
When the cataleptic rats received playback of 50-kHz USV, they rapidly started to move and typically stepped down from the bar (for experimental setup and exemplary spectrograms, see Fig. 1a-d) . Intriguingly, most of them even walked towards the active ultrasonic speaker. This effect was specifically seen in response to appetitive 50-kHz USV and not in response to various acoustic control stimuli used to test for unspecific effects not linked to the socio-affective communicative function of 50-kHz USV. Thus, when quantifying catalepsy time, only 50-kHz USV playback substantially reduced step-down latencies. Importantly, this effect was consistently observed in four independent groups of rats and irrespective of whether 50-kHz USV were presented during the 1st (F 3,39 = 11.88, P < 0.001), 2nd (F 3,39 = 7.22, P = 0.001), 3rd (F 3,39 = 4.42, P = 0.009) or 4th (F 3,39 = 4.76, P = 0.006) playback presentation (Fig. 1e-h) , with the effects being most prominent during the 1st presentation. In contrast, playback of acoustic control stimuli, i.e. NOISE and BACKGROUND, did not significantly affect catalepsy time (P-values > 0.05). In fact, catalepsy time during NOISE and BACKGROUND was comparable to SI-LENCE, suggesting that, out of the acoustic stimuli applied here, only playback of 50-kHz USV was efficient to release rats from haloperidolinduced catalepsy. 
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In addition, we analyzed the behavior of the rats, which stepped down from the bar in more detail. After stepping down, rats exposed to 50-kHz USV explored the zone proximal to the active ultrasonic speaker more than the distal one (t = 2.375, P = 0.022; N = 29 cases; Fig. 2a) . In contrast, the rats that managed to step down from the bar during NOISE, BACKGROUND, or SILENCE (N = 8, N = 21, and N = 13; respectively) did not exhibit exploratory behavior or any preference for the sound source (all P-values > 0.050; Fig. 2b-d) . This further supports the notion that it is only when exposed to the 50-kHz USV playback that rats are released from catalepsy and able to move in the direction of the sound source, i.e. clearly displaying approach behavior (see Supplementry videos 1 and 2) . Remarkably, soon after the 50-kHz USV presentation ended, the rats displayed catalepsy again.
The fact that rats were released from catalepsy specifically in response to 50-kHz USV was not due to an inability to hear the control stimuli. The pinna reflex was detected in most cases of our acoustic stimuli (50-kHz: 43 out of 43; NOISE: 43/43, BACKGROUND: 39/43), but not during silence (3/43). Also, we observed head movements towards the sound source as soon as the acoustic stimulus started, with 36/43, 32/43, and 15/43 rats responding to 50-kHz USV, NOISE, and BACKGROUND, respectively. No such head movements were seen during SILENCE (Fig. 2f) . Together, this clearly shows that all three acoustic stimuli were perceived by the rats (all P-values < 0.001 compared with SILENCE).
Experiment 2: effects of 22-kHz USV on haloperidol-induced catalepsy
In contrast to 50-kHz USV, playback of 22-kHz USV did not significantly alter catalepsy time. Neither, the group which had undergone prior autoconditioning (F 2,29 = 0.029, P > 0.050; 22-kHz USV: 220.40 ± 29.23s; 22-kHz USV CONTROL: 208.60 ± 30.07s; SILENCE: 210.60 ± 32.40s) nor the non-autoconditioned one (F 2,29 = 0.049, P > 0.050; 22-kHz USV: 200.40 ± 33.70s; 22-kHz USV CONTROL: 188.50 ± 32.34s; SILENCE: 188.00 ± 27.20s) were affected by the auditory stimuli. Although these rats did not step down from the bar when exposed to the 22-kHz signals, most of them, while on the bar, showed pinna reflex and head movement towards the sound source, implying that they were perceiving the auditory stimuli (results not shown in detail).
Discussion
To the best of our knowledge, this is the first time that appetitive 50-kHz USV has been used as an external trigger to induce paradoxical kinesia in rats. Previous reports showing improved haloperidol-induced catalepsy in response to acoustic stimuli required either substantial prior training [26] or used spectrographically undefined sounds (like key jingles) and simple righting responses to restore balance [8] . Our present findings were based on spectrographically well-characterized and ethologically valid signals, and rather complex approach responses, including orienting, stepping down, and coordinated locomotion towards the active ultrasonic speaker. Furthermore, we show for the first time that these effects require specific acoustic features, since 50-kHz call sequences but not time-and amplitude-matched white noise were effective in reversing catalepsy, indicating that mere arousal is not sufficient for this outcome. This parallels our previous results in undrugged rats, where we showed that playback of such 50-kHz USV, but not various control stimuli, induces locomotion and approach [17] , which highlights their motivational relevance as social signals. Interestingly, familiarity with a given sound [8] or its meaningfulness [27] seem to enhance the anti-cataleptic properties of acoustic stimuli in humans, which may be relevant here, since our ultrasonic signals are part of the rats' communicative repertoire [14, 15] , i.e. they fulfill the requirements of familiarity and meaningfulness. Also, it has been suggested that external stimuli lead to paradoxical kinesia by "energizing" relevant action systems in the brain [28] , which are otherwise insufficiently activated. Here, 50-kHz calls may be especially suitable, since they have motivational properties, i.e. approach-inducing quality for the recipient [17] .
Catalepsy time during NOISE and BACKGROUND was comparable to SILENCE, suggesting that, out of the acoustic stimuli applied here, only playback of 50-kHz USV was efficient to release rats from haloperidol-induced catalepsy. In addition, after stepping down, only rats exposed to 50-kHz USV explored the zone proximal to the active ultrasonic speaker more than the distal one. This further supports the notion that it is only when exposed to the 50-kHz USV playback that rats are released from catalepsy and able to display approach behavior (see Supplementary videos 1 and 2) . Interestingly, soon after the 50-kHz USV presentation ended, the rats displayed catalepsy again. This is reminiscent of PD patients, who revert to akinesia after an auditory or visual stimulus has induced paradoxical kinesia, strongly supporting the face validity of our animal model. The fact that rats were released from catalepsy specifically in response to 50-kHz USV was not due to an inability to hear the control stimuli. Pinna reflex and head movements towards the sound source were detected in most cases of our acoustic stimuli but not during SILENCE, showing that all three acoustic stimuli were perceived by the rats.
In contrast to 50-kHz USV, playback of 22-kHz USV was not effective to reduce haloperidol-induced catalepsy, even though we tried to enhance their motivational properties by prior autoconditioning [24] in half of the subjects. At first sight, this result might indicate that these aversive acoustic stimuli are no effective in the cataleptic state, which is in contrast to classical clinical findings in PD patients [29, 30] and to our previous experiments with aversive deep brain stimulation of the inferior colliculus (IC), a midbrain auditory structure being important for processing acoustic messages and mediating aversive states [12] . Regarding our present findings, however, one has to consider that the typical response to playback of 22-kHz USV in most rat strains is reduced activity or transient immobility [22] , including Wistar rats used here [17] , which might not be compatible with the current model of testing haloperidol-induced catalepsy. Therefore, it cannot be excluded that 22-kHz USV might be effective to reduce haloperidol-induced catalepsy. One way to further test this question could be to establish an active flight response to 22-kHz USV before testing their effects in the cataleptic state.
Despite these possible limitations regarding 22-kHz USV, our animal model of paradoxical kinesia in response to 50-kHz USV has several advantages over existing ones. First of all, familiar and meaningful ethologically valid signals are applied, which are precisely defined, and between-subject variance can easily be minimized due to the present playback approach, with all subjects being exposed to the exact same stimulus. Secondly, no training is required since the response elicited by 50-kHz USV is an unconditioned one. Thirdly, our new paradigm allows the study of paradoxical kinesia without exposure to aversive stimuli [8, 31] , which might allow to study how pleasant and appetitive stimuli exert their promotive effects in akinetic or cataleptic human subjects. Finally, the fact that rats are released from catalepsy in response to an emotionally and motivationally relevant appetitive auditory stimulus, but become cataleptic again immediately after it is turned off, mimics findings on paradoxical kinesia in humans, and thus supports the model's face validity.
It is known that haloperidol-induced catalepsy is largely due to blockade of DA D2 receptors in the striatum, where they are located on GABAergic projection neurons and cholinergic interneurons [31, 32] modeling the inability of PD patients to initiate movements and thus reproducing key DAergic aspects of PD. Paradoxical kinesia is generally thought to be mediated either by reserves within the basal ganglia, or by routes by-passing them [9] . With respect to the former, it is important to note that playback of 50-kHz USV leads to phasic DA release in the nucleus accumbens [19] , which may underlie their approacheliciting effects in intact animals. It remains to be shown whether such effects are also possible in case of rather complete blockade of D2 receptors as used here, especially since it is thought that paradoxical kinesia is not mediated by actions on striatal DA [33] .
With respect to alternative routes, previous studies conducted in our laboratory have shown that both systemic and intrastriatal haloperidolinduced catalepsy can be significantly reduced by prior microinjection of the NMDA glutamate receptor antagonist MK-801 into the IC [34, 35] . We also demonstrated that microinjection of bicuculline, a GABAergic antagonist, directly into the IC induced a biphasic effect progressing from attenuation to potentiation of catalepsy induced by systemic haloperidol [36] . Furthermore, we had recently shown that high frequency deep brain stimulation of the IC reduced haloperidolinduced catalepsy [12] , representing an animal model of paradoxical kinesia induced by aversive stimulation, since these stimulation parameters led to flight reactions. Moreover, regarding the mechanisms possibly underlying paradoxical kinesia, previous studies from our laboratory strongly suggest that the auditory midbrain plays a critical role. External auditory stimulation activating the inferior colliculus may trigger motor circuits even when striatal dopamine transmission is impaired during neuroleptic-induced catalepsy [34, 35] .
Together, we propose a new animal model to investigate paradoxical kinesia in rats, which can contribute to clarify the psychological and neural mechanism underlying this intriguing phenomenon. Uncovering these mechanisms might help to improve current and develop new noninvasive therapies for PD and other disorders, where akinetic or cataleptic states occur.
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